Abstract Seismic moment and the corresponding moment magnitude M w are classically obtained from the spectrum of far-field body waves. Near-field records are generally not used for that purpose, particularly in the case of large earthquakes because different types of wave arrive simultaneously, preventing the definition of a simple relation between the seismic moment and the spectrum. We developed an original method to determine M w from the displacement spectra of near-field records. The spectral amplitude at low frequency obtained from the real records is compared to that of synthetic records computed using kinematic rupture models scaled with M w . Synthetic records are computed and averaged for various fault orientations and for epicentral distances ranging from 1 to 100 km. The initial portion of the spectrum affected by baseline shift in the acceleration records is automatically identified and removed by high-pass filtering using a cutoff frequency adapted to each station. The synthetic spectral values as a function of moment magnitude, epicentral distance, and filtering are computed only once and stored in tables. The spectral amplitudes of the real records are simply interpolated in the tables of synthetic data, allowing a fast determination of M w . The method has been validated using 22 shallow earthquakes (depth < 50 km) with magnitude ranging from 3.9 to 7.7. We show that a window of 80 sec of signal after the earthquake origin time provides robust values of M w for the whole magnitude range considered here. Shorter time windows may be used but with M w underestimated for large events. The method is well suited for near real-time fast determination of M w .
Introduction
Being a logarithmic representation of the seismic moment, the moment magnitude M w (Kanamori, 1977) is the magnitude that best characterizes the earthquake size, although some earthquake properties may be better described by other magnitudes such as the energy magnitude M e for the shaking strength. It is classically obtained from the far-field displacement spectrum of body waves (P or S), at a distance where the source can be approximated by a point source. In such condition the seismic moment can be analytically related to the spectral amplitude (Brune, 1970 (Brune, , 1971 . Seismic moment is also routinely determined by centroid moment tensor inversions based on regional or teleseismic waveform modeling (e.g., Mediterranean Very Broadband Seismic Network [MEDNET] Near-field seismograms obtained from near-source accelerometers represent the earliest available data for rapid seismic alert. Several studies have addressed the possibility of obtaining the magnitude from the initial part of the P wave, allowing seismic early warning before damaging ground motion occurs. These studies have revealed linear relations between the magnitude and some properties of the first few seconds of the P wave, such as the dominant period (Allen and Kanamori, 2003; Wu and Kanamori, 2008) or the peak ground displacement in a certain frequency range (Wu and Zhao, 2006; Zollo et al., 2006) . In those relations a large scatter of the early P-wave parameter is observed, but this scatter can be substantially reduced by averaging data from several stations. These results suggest that the rupture is to some degree deterministic; that is, that some characteristics of the first few seconds of rupture scale with the final magnitude of the earthquake. In our approach we obtain the magnitude from the seismic moment by comparing the spectral characteristics of observed and synthetic seismograms.
Our fundamental aim is to obtain a robust estimate of moment magnitude M w within a time scale of one to two minutes after earthquake origin time. Nonetheless, we will address the possibility of obtaining M w with time windows as short as 5, 10, or 20 sec after rupture onset.
The relation between the spectrum of near-field seismograms and the seismic moment, especially in the case of large earthquakes, is not straightforward. Near-source seismograms result from complex interferences of far-, intermediate-, and near-field waves influenced by the finite dimension character of the rupture process. The resulting intermixed waves combine different radiation patterns and geometrical expansion factors (1=r for far field and 1=r 2 for near and intermediate field, Aki and Richards, 1980; Wu and Ben-Mehahem, 1985) , as well as different wave velocities (P and S), preventing the definition of a simple analytical relation between the spectrum and the seismic moment. It can be difficult, even impossible, to identify and individualize the far-field P and S waves at short distance from a large earthquake. This is illustrated by Figure 1 . At a distance of 24 km, the displacement seismogram of a moderate size event (M w 4.6 Nice earthquake in France, Fig. 1a ) exhibits clear P and S phases. At a distance of 48 km, the displacement record of a large event (M w 7.2 Düzce earthquake in Turkey, Fig. 1b ) displays a totally different character. The diverse kinds of waves emitted by the rupture are intermixed, with a much stronger influence of near-and intermediatefield waves, giving rise to an overall long period signal where the P and S waves cannot be distinguished. In such a case moment magnitude could be obtained by modeling the seismogram using a slip inversion procedure (e.g., Delouis et al., 2009) . However, computing time would become a concern and an estimate of moment magnitude is generally required to set up model parameters before slip inversion.
We present an original approach, hereafter called MWSYNTH, in which observed displacement spectra are compared with synthetic spectra computed for a variety of finite dimension source models in the near-field domain. Before any earthquake is analyzed, we generate synthetic seismograms for a series of hypothetical finite dimension sources. The synthetic seismograms include effects of source finiteness as well as the complete displacement field (near, intermediate, and far field) generated in a simple 1D layered velocity model. Each source model is sized according to a specific seismic moment, hence to moment magnitude. The set of synthetic seismograms is representative of a wide range of possible scenarios. Then the synthetic displacement spectra are computed, and the values of the spectral levels are stored in tables. We show that the spectral plateau at low frequency, hereafter called the spectral level, scales with moment magnitude. To determine the moment magnitude of a specific earthquake the displacement spectra of the real records are computed, the spectral levels retrieved, and the moment magnitude obtained from the corresponding synthetic spectral levels interpolated in the precomputed tables.
The frequency response of digital accelerographs is nominally flat in acceleration from direct current (DC), or 0 frequency to 50 Hz, but baseline offsets are usually observed during seismic shaking. These offsets in acceleration can produce unreasonable displacements after double integration and contaminate the displacement spectra at low frequency. Empirical methods may be used to correct for this effect (e.g., Iwan, 1985; Boore, 2001; Wu and Wu, 2007) but not in a fully automated way. To overcome this problem we compute spectral levels after high-pass filtering. The degree Figure 1 . Waveform characteristics of near-source records for a moderate and a large earthquake. (a) Unfiltered displacement seismogram of the M w 4.6 earthquake of Nice (France) in 2001, recorded at a distance of 24 km. Individualized far-field P-and S-wave trains can be identified. East component of station NBOR. (b) Unfiltered displacement seismogram of the M w 7.2 earthquake of Düzce (Turkey) in 1999, recorded at a distance of 48 km. Individualized P-and S-wave trains cannot be identified. East component of station IRIGM 362. In part (a) the station is located at a distance much larger than the rupture dimension, and far-field waves dominate (P, S, and associated codas). In part (b) epicentral distance is of the same order as rupture dimension, and the signal exhibits a long-period character resulting from the intermixing of all wave types (far-, intermediate, and near-field waves) generated during the rupture process. Windowing around the P or S wave in order to compute the far-field displacement spectrum is possible for part (a) but not for part (b). of filtering should be chosen appropriately to eliminate the baseline effect without removing too much of the low-frequency waves characterizing large earthquakes. This is done by analyzing the shape of the acceleration spectrum at low frequency.
To assess the possibility of obtaining early estimates of the moment magnitude, and to analyze how the length of the time window influences the value of the computed magnitude, spectra are calculated for different time windows. Precomputing of synthetic seismograms and construction of tables with spectral level are performed only once. The processing of real records and determination of M w by interpolation in the tables of synthetic values could be implemented as a real-time automated procedure. In this study we test the method offline for a number of recent earthquakes worldwide (Table 1 ) with magnitude ranging from 3.9 to 7.7. We consider only earthquakes occurring at shallow depth (< 50 km) and with epicentral distances less than 100 km. However, the approach could be extended for deeper events and larger distances.
The MWSYNTH Method Synthetic Seismograms and Tables of Spectral Levels
Our goal is to determine the moment magnitude of earthquakes very soon after occurrence, before any source or focal mechanism inversions have been performed. The only prerequisites are the hypocentral location and the detection of the first P arrival at each station. Focal mechanism influences the displacement spectrum via the radiation pattern. Using a specific focal mechanism to produce synthetic seismograms could lead to strong biases if this mechanism is far from the real one. To overcome this difficulty we average the effects of various focal mechanisms. Synthetic seismograms are generated for six different focal mechanisms (strike=dip=rake 0=90=0, 90=90=0, 0=45=90, 90=45=90, 45=45=90, and 135=45=90), corresponding to dip-slip and strike-slip faulting, for a station located 1-100 km from the epicenter in the single azimuth N70°E arbitrarily chosen (Fig. 2a) . It should be noted that from the spectral point of view, the sense of fault motion is indifferent. A change from reverse to normal or from left-lateral to right-lateral does not affect the spectral level.
The source is represented by a simple kinematic model. Rupture area and slip are scaled with moment magnitude. The hypocenter, where rupture initiates, is located at 15 km depth. The rupture plane is square for small to moderate earthquakes whose rupture does not reach the surface, and rectangular, more stretched along strike than along dip, for larger ones (Fig. 2b) . Rupture area is derived from the regression relations of Wells and Coppersmith (1994) . The dislocation (slip), assumed constant on the fault, is determined from the relation Δu M 0 =μ:1:w where μ is rigidity and l, w are rupture length and width, respectively. M 0 is obtained from M w using the formula of Kanamori (1977) : M w 2=3 logM 0 6:06, with M 0 in N m. The continuous rupture is represented by a discrete sum of point sources evenly distributed on the fault plane. For each point source the local source time function is a triangular function whose rise time is fixed assuming a slip velocity of 1 m=sec. From the center of the fault, which coincides with the hypocenter, rupture propagates symmetrically in all directions until it reaches the borders of the rupture plane (Fig. 2b) . Rupture velocity is fixed to 2:7 km=sec. The complete displacement field generated by the source is computed using the discrete wavenumber method of Bouchon (1981) for a 1D layered velocity model (Table 2 ). The number of point sources used to simulate the fault rupture depends on M w from 5 × 5 (M w 2) to 81 × 15 (M w 8). Seismograms for M w ranging from 2 to 8 are computed and stored for later use.
The spectra of synthetic displacement seismograms are computed for different window lengths and high-pass frequencies. We define nine signal windows, ending 5, 10, 20, 30, 40, 50, 60, 70 , and 80 sec after earthquake origin time, and 25 high-pass frequencies varying from 0.005 to 0.8 Hz. In total, 225 tables are computed once and stored for later use. We define the spectral level as the maximum value of the displacement spectra at low frequency, corresponding to the spectral plateau. Figure 3 illustrates the scaling of spectral level with moment magnitude for unfiltered (Fig. 3b ) and filtered ( Fig. 3c ) synthetic seismograms. The values stored in the tables are the spectral levels averaged over the three components (north-south, east-west, and vertical) of the seismograms and over the six different focal mechanisms. Figure 4 displays a graphical representation of such tables for unfiltered and high-pass filtered (0.05 Hz) synthetic data. For a given magnitude the spectral level decreases with distance, as expected from geometric wave attenuation. High-pass filtering preserves the possibility of discriminating among the different magnitude values, though with less accuracy for large magnitude events as indicated by the reduced distance between the M w 7 and M w 8 curves in the filtered diagram (Fig. 4b ).
Processing of Strong-Motion Records
Initial processing of real seismograms includes computing the average amplitude of the preevent noise (3 sec preceding the first P arrival), subtracting it from the whole signal, and cutting the record at the end of the selected time window. It may happen that reverberating waves generated in the shallow crustal layers dominate in the late section of the displacement records, beyond the direct contribution of the source. Those late arrivals can affect the displacement spectrum at low frequency, resulting in an overestimation of the magnitude. To limit this effect we perform a test on the acceleration level in a similar way as in Wu and Teng (2004) . If acceleration decreases to less than 20% of the overall maximum acceleration and remains below that threshold during five contiguous seconds, the source contribution is assumed to be completed and the following part of the signal is set to amplitude zero.
Theoretical acceleration spectra in the far field are characterized by f 2 rise at frequencies below the corner frequency, followed by a plateau (Aki and Richards, 1980) . Near-field synthetic seismograms reveal a steady rise at low frequency, although not necessarily as f 2 . In the absence of noise the acceleration spectra exhibit a continuous rise in the initial part followed by a plateau or decay in the midhigh frequency range. This characteristic behavior is observed for real acceleration records unaffected by baseline shifts (e.g., Fig. 5c ). On the other hand, baseline shifts induce an over amplification of the lowest frequencies, resulting in a strong curvature of the low-frequency part of the acceleration spectrum, which becomes V-shaped (e.g., Fig. 5d ). The point of maximum curvature at low frequency, corresponding to the bottom of the V shape where the variation of the slope is at its maximum, can be used to define an effective high-pass cutoff frequency to remove the low-frequency noise. We developed an automated algorithm to detect if the low-frequency part of the acceleration spectrum is curved and to pick the frequency at which the curvature occurs. Figure 5 shows that some components, such as the east component of TCU074 for the Chi-Chi earthquake, may not need any high-pass filtering, but they represent exceptional cases. The east component of CHYO80 exhibits a more common behavior. For that component the high-pass frequency has been determined on the acceleration spectra (0.07 Hz, Fig. 5d ) and the low-frequency noise can be effectively removed (Fig. 5i) . For a given station we apply a single high-pass frequency, V P , V S , and Q P , Q S are the P-and S-wave velocities and quality factors, respectively. selected as the highest value among the high-pass frequencies found for the three components.
We process successively the different stations that recorded the earthquake. A minimum requisite for a given window to be used is that it should include the first P-wave onset and the next three seconds. For an automated selection of the optimal high-pass filtering frequency from the curvature of the initial part of the spectrum, the window should include the S-wave onset and the next 20 sec of signal. In the case of a window length shorter than the arrival time of S wave 20 sec, the high-pass frequency is fixed in a conservative way to 0.25 Hz.
We integrate twice the acceleration records, apply the selected high-pass filters, and compute the displacement spectra. We retrieve the spectral level as the maximum amplitude of the low-frequency part of the displacement spectrum and compute the average spectral level over the three components of the seismograms. These average values can then be compared with those computed for the synthetic seismograms.
Computing of M w
We compute the moment magnitude M w for the different time windows defined in the previous section: 5, 10, 20, 30, 40, 50, 60, 70, and 80 sec after origin time. For each station we select the prestored table of synthetic data corresponding to the same time window and high-pass frequency used to process the observed seismograms. Each table contains the average synthetic spectral levels as a function of magnitude for different predetermined hypocentral distances (Fig. 4) . For each station the moment magnitude corresponding to the observed spectral level and to the actual hypocentral distance is found by interpolating in the table values. Figure 6 illustrates the process with station CHY080, which recorded the Chi-Chi earthquake. Interpolation is linear for distance and logarithmic for spectral level.
For each time window M w is determined as the weighted average of the M w computed for the individual stations. Considering that the spectral level is better defined and more representative of the actual seismic moment when the low frequencies are better preserved, weight is chosen as the inverse of the high-pass frequency. If more than three stations are available a standard deviation is computed. When the low frequencies are too strongly filtered out a saturation of spectral levels occurs for large magnitudes, a phenomenon that can be deduced by comparing Figure 4a and 4b. Accordingly, we had to define some thresholds for magnitude as a function of the high-pass frequency. Moment magnitude M w is limited to values 7.0, 7.3, and 7.6 for high-pass frequencies larger than 0.3, 0.1, and 0.08, respectively. Stations for which the magnitude is limited in such a way are downweighted using a coefficient of one-fifth. The maximum magnitude that can be determined from the prestored tables is eight. We will draw the average moment magnitude and standard deviation as a function of the time window. We will also show the minimum and maximum M w computed from individual stations. We select the average magnitude computed with the 80 sec time window as the earthquake moment magnitude.
Validation with Reference Earthquakes
We tested the method on 22 earthquakes for which both digital strong-motion records and a reference moment magnitude were available to us (Table 1) . Reference moment magnitude is obtained from various sources depending on availability, such as the GCMT (see Data and Resources section), regional moment tensor solutions, or specific published source inversions. All but five of the earthquakes are shallow continental events (hypocentral depth < 18 km). The remaining five events are subduction related earthquakes with a slightly deeper source (hypocentral depth 36-49 km): Tocopilla (Chile), Miyagi-Oki (Japan), Pingtung 1 and 2 (Taiwan), and Lesser Antilles 3. Nine of the selected events occurred in France (metropolitan area and Lesser Antilles) and were recorded by the French accelerometric network Réseau accélérométrique permanent (RAP, see Data and Resources section). To expand the dataset and incorporate earthquakes of larger magnitude we included events from Turkey (Izmit, Duzce), Algeria (Boumerdes), California (Anza, Parkfield), Japan (Tottori, Miyagi-Oki), Taiwan (Chi-Chi, Chengkung, Taitung, Pingtung), and Chile (Tocopilla). The overall range for M w is 3.9 to 7.7. We ob- . The spectral level is retrieved from the spectrum. The moment magnitude corresponding to the spectral level (53.17 cm) and to the hypocentral distance (33 km) is obtained by interpolation within the table, as shown by the dashed lines. The point representing the moment magnitude calculated from this record is represented by the white star in (a). In our procedure the spectral levels of the three components of a strongmotion station are averaged. In this figure only the east component of station CHY080 is shown for the sake of simplicity, whereas in reality we average the values over the three components. With this component the magnitude obtained is M w 7:3. Figure 7 . Graphs showing the evolution of computed M w as a function of time measured from the earthquake origin time (T 0) for various events ranging from M w 3.9 to 7.7 (Table 1) . M w is obtained by averaging the magnitude values among the different stations that contribute at least 3 sec of seismic signal in the selected time window. A weight is attributed to each individual station depending on the highpass filtering used (see text). The average M w is represented by an open star whose size is proportional to the sum of weights. Larger stars are expected to provide better estimates, but size is a relative measure of weight for a given event and cannot be compared from one event to the other. If more than three stations are used, error bars are drawn corresponding to one standard deviation. tained the digital strong-motion records from the sources described in Table 1 for stations located less than 100 km from the epicenter. The number of stations per event is highly variable, from a single one for Boumerdes to 47 for Tottori. The dataset probably include a great variety of soil conditions, which are not analyzed in this study.
We also made a test with the synthetic data provided by the project SPICE (seismic wave propagation and imaging in complex media: a European network) for blind tests on earthquake source inversion (Mai et al., 2007) . These synthetic data are generated with the same fault geometry, station distribution, and moment magnitude as the Tottori earthquake, but with a different slip distribution (blind test model 1, see Data and Resources section).
Results are presented in Figure 7 . Moment magnitude tends to stabilize around the reference value for time windows larger than 30-40 sec. In the dataset no station was close enough to the hypocenter to provide a magnitude estimate with the 5 sec time window. For large earthquakes an underestimation of the moment magnitude is often observed for the shortest time windows. This underestimation has essentially two causes. First is the difference in slip distribution between the real and synthetic ruptures. The synthetic seismograms are computed assuming that slip is constant over the rupture plane. In cases where the actual slip distribution is characterized by low slip in the hypocentral area, the method is expected to deliver an underestimated value of M w for the shortest time windows. Signals in these windows correspond to the waves emitted in the vicinity of the hypocenter. Exemplary cases are the Chi-Chi and Tottori earthquakes whose slip distributions exhibit a small relative amount of slip in the hypocentral area (Ma et al., 2001; Iwata and Sekiguchi, 2002; Ji et al., 2003; Semmane et al., 2005) . The second cause of underestimation is related to the highpass filtering, which is generally set to 0.25 Hz for short time windows. As a result the low frequencies representing the actual earthquake size are partially filtered out, making the characterization of large events more difficult. The fact that short time windows may not include the entire signal from the rupture process should not be a general cause of underestimation of M w because the synthetic signals are also truncated in the same way. However, because synthetics are computed assuming constant slip along the whole rupture, an underestimation of M w is expected in cases where slip in the initial part of the real rupture is significantly smaller than the average slip of the earthquake.
Comparison between M w computed with our method and reference M w can be found in Figures 7 and 8 . The average deviation between our M w and the reference one is 0:07, meaning that on average our moment magnitude is slightly overestimated. The standard deviation between the two M w is 0.11. The largest deviations are found for 
Discussion and Conclusion
The MWSYNTH method developed in this study provides an overall correct recovery of M w over a wide range of magnitudes (3.9 to 7.7). These results could be obtained using a time window ending 80 sec after earthquake origin time and with an automated determination of the optimal high-pass frequency.
Some degree of arbitrariness can be found in the choices that were made in the initial step for computing the synthetic seismograms. It essentially concerns the definition of the six different focal mechanisms, the azimuth of the receiver station, the depth of the hypocenter in the fault models, the rupture propagation, and the 1D crustal model.
Focal mechanism, fault orientation, and station azimuth are related in the sense that they define the geometrical relation between the receiver and the rupture plane. The synthetic spectral data account for an average distance to the rupture plane, averaged over the six fault orientations and assuming bilateral ruptures (the hypocenter is systematically located at the center of the rupture plane). In the case of a real unilateral rupture, a station located in the anti directive direction will indeed be located farther from the rupture plane than assumed by the synthetic data. This antidirective station will underestimate M w . On the other hand, a station located near the actual rupture plane or in the directivity direction will overestimate M w . We observed this effect with the Chi-Chi earthquake data, which propagated almost unilaterally towards the north. Stations located south of the hypocenter provided the lowest estimates of M w , the largest values being obtained with stations located more to the north near the fault trace where large slip occurred. However, averaging the effects of the six fault orientations and faulting behaviors considered here (Fig. 2a) with stations distributed in various azimuths around the epicenter should reduces this kind of bias.
We performed a series of sensitivity tests to assess the robustness of the method, varying the model parameters used to compute the synthetic data: focal mechanisms, rupture propagation on the fault plane, hypocenter depth, station azimuth, and velocity model. The results are summarized in Table 3 . The tests were carried out for three events spanning the magnitude range of the study (Izmit M w 7.6; Chengkung M w 6.8; Argeles M w 4.5; see Table 1 ). These tests suggest that M w is not highly sensitive with respect to the model parameters. The highest deviations are observed when varying the crustal model (Table 3) . We note, however, that outlier values of M w such as the low magnitudes obtained for the Izmit and Argeles events (7.35 and 4.39, respectively) are produced by a crustal model (model Thin platform of CRUST2.0) whose sedimentary layers are much thicker (6 km) than expected in the earthquake areas. Such a crustal model enhances the synthetic spectral levels and in comparison the spectral levels of the real records will be smaller, leading to the underestimation of M w . On the other hand, we verified that the use of a crustal model including softer sedimentary layers than in the model of Table 2 can reduce the overestimation of M w for the 2005 Saintes (Lesser Antilles 2) by at least 0.2. A waveform modeling of events in the Saintes area confirmed that such soft sedimentary layers are required . This analysis suggests that the performance of the method could be improved by using a velocity model adapted to each study area, something which was beyond the scope of the present study. When targeting a specific network additional improvement could be obtained by taking into account the soil conditions, either by selecting stations located on hard rock or by incorporating site correction functions in the spectral analysis for soft soil sites.
The choice of a frequency of 0.25 Hz for high-pass filtering the records for the shortest time windows is relatively conservative and partially responsible of an underestimation of M w . However, the choice of a lower frequency would increase the risk of producing biased spectral levels due to incorrect removal of the baseline shift effect. This problem does not affect longer time windows (> 30-40 sec), for which an optimal high-pass cutoff frequency is automatically determined.
The MWSYNTH method can be implemented for automated near real-time determination of M w . A robust value of M w may be obtained within about 100 sec after origin time (recording computing time) with six to ten stations. The (Table 1) . time delay may be reduced by using shorter time windows, but in that case an underestimation of M w may occur for large (M >6) earthquakes.
A delay of one to two minutes may be well adapted for most regional tsunami warning systems. On the other hand, our magnitude determination may not be fast enough in cases where early seismic warning is needed to trigger automated actions for alert target areas located short distances from the recording stations. In those cases approaches based on the deterministic characteristics of the first few seconds of the P waves (e.g., Allen and Kanamori, 2003; Wu and Zhao, 2006; Zollo et al., 2006; Wu and Kanamori, 2008) can give the first magnitude estimate, with our method providing the updated moment magnitude some tens of seconds later. An updated magnitude is needed to confirm the first alert and to manage emergency actions. It is also required to perform more advanced seismological analyses, such as fast source inversions and computation of reliable shake maps.
Data and Resources
Earthquake data (location, reference moment magnitude, strong-motion records) were obtained either from published studies (see reference list) or from diverse institutions whose acronyms are now described: BCSF 
